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Summary

Antibody heavy-chain recombination that results in the incorporation of

multiple diversity (D) genes, although uncommon, contributes substan-

tially to the diversity of the human antibody repertoire. Such recombina-

tion allows the generation of heavy chain complementarity determining

region 3 (HCDR3) regions of extreme length and enables junctional regions

that, because of the nucleotide bias of N-addition regions, are difficult to

produce through normal V(D)J recombination. Although this non-classical

recombination process has been observed infrequently, comprehensive

analysis of the frequency and genetic characteristics of such events in the

human peripheral blood antibody repertoire has not been possible because

of the rarity of such recombinants and the limitations of traditional

sequencing technologies. Here, through the use of high-throughput

sequencing of the normal human peripheral blood antibody repertoire, we

analysed the frequency and genetic characteristics of V(DD)J recombinants.

We found that these recombinations were present in approximately 1 in

800 circulating B cells, and that the frequency was severely reduced in

memory cell subsets. We also found that V(DD)J recombination can occur

across the spectrum of diversity genes, indicating that virtually all recombi-

nation signal sequences that flank diversity genes are amenable to V(DD)J

recombination. Finally, we observed a repertoire bias in the diversity gene

repertoire at the upstream (5′) position, and discovered that this bias was

primarily attributable to the order of diversity genes in the genomic locus.

Keywords: antibody responses; B-cell receptor; immunogenetics; immuno-

globulins.

Introduction

Since the discovery that recombination activating gene

(RAG) -mediated recombination of variable (V), diversity

(D) and joining (J) gene segments generates virtually

unlimited sequence diversity in the antibody repertoire,1–5

much progress has been made in determining the genetic

and mechanistic elements that participate in the antibody

recombination process. It is generally understood that

recombination signal sequences (RSS), which are com-

posed of conserved AT-rich heptamer and nonamer

sequences separated by spacers of either 12 or 23 nucleo-

tides, are recognized and bound by RAG1 and RAG2 pro-

teins at the initiation of the recombination process.6,7

RAG binding is highly dependent on the heptamer and

nonamer sequences, and alterations to either sequence

result in decreased RAG binding.8–10 It has long been

understood that spacer length is critical to recombination,

and there is evidence of sequence conservation within the

spacer region.11–13 Recombination typically occurs only

between RSS elements of different spacer lengths, in a

model commonly referred to as the 12/23 rule of recom-

bination.14–17 After binding to one 12-bp RSS and one

23-bp RSS, the RAG complex induces single-strand DNA

nicks between the coding sequence and the heptamer of

each RSS, resulting in hairpin formation on each of the

coding ends and a blunt double-stranded break on each

signal end.18–21 The hairpins are opened, nucleotides may

be added to or removed from the coding ends, and the

double-strand breaks at the coding ends are joined into a

single coding strand.22–27 In antibody heavy-chain genes,

D gene segments are flanked by 12-bp RSSs on either

side, whereas V and J gene segments are flanked by 23-bp

RSSs.28,29 Recombination therefore proceeds in a stepwise
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fashion, with D-JH recombination preceding VH-D

recombination, resulting in a complete heavy-chain vari-

able region.30,31

The human diversity gene locus consists of 27 different

genes, which are arranged into four tandemly oriented

groups,32,33 and are located approximately 8 kb upstream

of Cl, the nearest constant region gene. The unique posi-

tioning of diversity genes in regularly spaced 9-kb clusters

suggests that the locus may have been created by a series

of duplications.32,34 Of the 27 diversity genes, 25 are con-

sidered functional and two are thought to encode pseud-

ogenes.33

D-D fusions, which result in VH(DHDH)JH recombina-

tions, are thought to be prohibited by the 12/23 rule, but

such non-12/23 recombination events have been demon-

strated to occur in both in vitro and in vivo systems.35–40

Even in model systems designed to induce non-12/23

recombinations, these recombination events are much less

efficient than those that adhere to the 12/23 rule.6,41,42 V

(DD)J recombinations have been shown to be more fre-

quent in self-reactive and polyreactive antibody populations

than in the normal repertoire.43 This is possibly a result of

the long complementarity determining region 3 (CDR3)

loops created by D-D fusions, which have been associated

with autoreactive properties.44–46

Recent work has suggested, however, that many previ-

ously identified D-D fusions are likely to be artefacts of

the random N-addition process.39 Over-estimation of the

frequency of D-D fusions in the peripheral blood reper-

toire is typically the result of reliance on very short

regions of homology between the recombinant sequence

and germline diversity genes when identifying putative

D-D fusions. These short regions of homology are proba-

bly the result of random matches to the germline genes

caused by non-templated N-addition rather than D-D

fusion. The most stringent analyses of D-D fusions in the

human repertoire, identifying sequences that are highly

likely to be true D-D fusions and not coincidental

N-addition matches to germline diversity genes, were

performed by Sanz35 and by Raaphorst et al.,37 but a

thorough genetic analysis of the V(DD)J repertoire has

not been possible because of the rarity of D-D fusions.

In this report, we present an extensive genetic analysis of

the human peripheral blood antibody repertoire using high

throughput antibody gene analysis and, for the first time,

describe the frequency and detailed genetic characteristics

of V(DD)J recombination events in the naive and memory

subsets of the circulating human B-cell repertoire.

Materials and methods

Sample preparation and sorting

Peripheral blood was obtained from healthy adult donors

following informed consent, under a protocol approved

by the Vanderbilt Institutional Review Board. Mononu-

clear cells were isolated by density gradient centrifugation

with Histopaque 1077 (Sigma, St. Louis, MO) and B cells

were enriched by paramagnetic separation (Miltenyi Bio-

tec, Cambridge, MA). Cells from particular B-cell subsets

were sorted as separate populations on a high-speed sort-

ing cytometer (FACSAria III; Becton Dickinson, Franklin

Lakes, NJ) using the following phenotypic markers, naive

B cells: CD19+ CD27� IgM+ IgG� CD14� CD3�, IgM

memory B cells: CD19+ CD27+ IgM+ IgG� CD14� CD3�

and IgG memory B cells: CD19+ CD27+ IgM� IgG+

CD14� CD3�. Total RNA was isolated from each sorted

cell subset using a commercial RNA extraction kit

(RNeasy; Qiagen, Valencia, CA).

cDNA synthesis and PCR amplification of
antibody genes

Reverse transcription (RT-) PCR primers were originally

described by the BIOMED-2 consortium47 and were

slightly modified to suit amplification for large-scale par-

allel pyrosequencing. One hundred nanograms of each

total RNA sample was used in duplicate 50-ll RT-PCRs
using the OneStep RT-PCR system (Qiagen) and gene-

specific RT-PCR primers (see Supplementary material,

Table S1). Thermal cycling was performed as described

elsewhere.47 Five microlitres of each pooled RT-PCR was

used for each 454-Adapter PCR, performed in quadrupli-

cate. Thermal cycling was carried out as before, but for

10 cycles. Sequences for all primers are found in the sup-

plementary information (Table S1).

Amplicon nucleotide sequence analysis

The amplicon libraries were quantified using a Qubit

fluorometer (Invitrogen, Carlsbad, CA). The size and

quality of the DNA libraries were evaluated on an Agilent

Bioanalyzer 2100 using the DNA 7500 labchip (Agilent,

Palo Alto, CA). The samples were then diluted to a work-

ing concentration of 1 9 106 molecules per microlitre.

Quality control of the amplicon libraries and emulsion-

based clonal amplification and sequencing on the 454

Genome Sequencer FLX Titanium system were performed

by the W.M. Keck Center for Comparative and Func-

tional Genomics at the University of Illinois at Urbana-

Champaign, according to the manufacturer’s instructions

(454 Life Sciences, Branford, CT).

Antibody sequence analysis

The ImMunoGeneTics (IMGT) High/V-Quest webserver

(www.imgt.org) was used for germline gene assignments

and initial analysis. As the 454 sequencing platform

typically results in a higher frequency of insertion and

deletion mutations than other sequencing platforms,
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High/V-QUEST analysis of the antibody sequences was

performed using the option to identify and remove inser-

tions or deletions. When performing further analysis, any

insertions or deletions that were not codon-length (i.e.

that resulted in frameshifts) were not considered. Anti-

body sequences returned from IMGT were considered to

be high-quality sequences if they met the following

requirements: sequence length of at least 300 nt; identi-

fied V and J genes; an intact, in-frame recombination;

and absence of stop codons or ambiguous nucleotide calls

within the reading frame.

Stringent filtering for putative V(DD)J
recombinations

The antibody sequence region identified by IMGT as a

putative diversity gene is designated here as the ‘match

region’. The length of the match region, minus any

mismatches between the match region and the germline

diversity gene, is designated the ‘match score’. Our filter-

ing process required the match regions to contain a maxi-

mum of one nucleotide difference from the germline

diversity gene segment. The match score, which represents

the number of identically matched nucleotides between the

match region and the germline diversity gene segment, was

required to be at least 60% of the overall length of the

germline diversity gene segment, except in the case of the

short IGHD7-27 gene segment, for which we required a

match score of 72% of the germline diversity gene length.

Results

Stringent filtering procedure for identification of
putative V(DD)J recombinations

We separately isolated naive, IgM memory and IgG

memory B cells from four healthy individuals using flow

cytometric sorting and subjected the transcribed antibody

genes from those cells to high throughput sequencing.

We selected the transcribed antibody genes (mRNA) for

amplification to reduce the number of non-expressed,

non-functional sequences. After selecting only high-quality,

non-redundant antibody sequences, we obtained a total

of 294 232 naive cell sequences, 161 313 IgM memory

cell sequences and 94 841 IgG memory cell sequences

(Table S3).

To limit the number of falsely identified V(DD)J

recombinations (that is, recombinations with N-addition

regions that contain stretches of similarity to diversity

genes), we developed a stringent filtering procedure. All

sequences were analysed with the IMGT High/V-

QUEST webserver, with the number of accepted diver-

sity genes set to 2. The antibody region identified by

IMGT as a putative diversity gene is designated here as

the ‘match region’ (Fig. 1). Our filtering process

required the match regions to contain a maximum of

one nucleotide difference from the germline diversity

gene segment. The length of the match region, minus

any mismatches between the match region and the

germline diversity gene, is designated the ‘match score’.

The match score, which represents the number of iden-

tically matched nucleotides between the match region

and the germline diversity gene segment, was required

to be at least 60% of the overall length of the germline

diversity gene segment, except in the case of the short

IGHD7-27 gene segment, for which we required a

match score of 72% of the germline diversity gene

length (eight of 11 nucleotides). Minimum acceptable

match scores and false discovery rate calculations for

each diversity gene are shown in the supplementary

material, Table S2. Absolute counts of V(DD)J recom-

binants are shown by donor and subset in Table S4.

This stringent filtering process results in sequences that

contain long stretches of sequence identity with germline

diversity genes (Table 1).

Analysis of N-addition regions indicates that
identified V(DD)J recombinations probably result
from D-D fusion

Although it is highly unlikely that random insertion of

nucleotides at the VD or DJ junction would result in long

Variable Joining

D1 match region (28 nt)
match score = 28

Germline segment length (31 nt)

D1: 28/31 = 90% D2: 23/31 = 74%

Germline segment length (31 nt)

D2 match region (23 nt)
match score = 23

Figure 1. Stringent filtering of V(DD)J recombinants. A sample V(DD)J recombinant (3FV6DI) is shown, along with the germline diversity gene

assignments for both the 5′ D (D2-2) and 3′ D (D2-8) positions. Dashes indicate conservation between germline and 3FV6DI and dots indicate

mismatches. The match region is indicated above the 3FV6DI sequence, along with the match score (the match region length minus any

mismatches within the match region). The germline segment length is shown below the sequence alignment. Below the germline segment

length, the scoring calculation is shown. Sequences that contained scores of > 60% for both diversity gene positions were considered V(DD)J

rearrangements.
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sequence stretches that identically match germline diver-

sity gene segments, we examined the N-addition lengths

of all recombination sites in the total peripheral blood

repertoire to determine if the N-addition regions flanking

both diversity genes matched that of the normal V(D)J

repertoire. We determined the mean N-addition length

for all VD and DJ recombination sites in the total reper-

toire and the VD (also referred to as N1), DD (N2) and

DJ (N3) recombination sites in the putative V(DD)J rep-

ertoire (Fig. 2a). We found that there was no statistically

distinguishable difference between the mean length of the

recombination sites in the total repertoire and in the

putative V(DD)J repertoire.

We next compared the GC content of all N-addition

(N) and D gene regions in the total naive repertoire to

the GC content of both assigned diversity genes (D1 and

D2) and the N1, N2 and N3 N-addition sites in the V

(DD)J repertoire (which correspond to the VD, DD and

DJ recombination sites, respectively) (Fig. 2c). There was

a highly significant decrease in the GC content of both

D1 (P < 0·0001) and D2 (P = 0·0051) regions when

compared with the N-addition regions in the total naive

repertoire. In contrast, neither of the assigned D gene

segments in the V(DD)J repertoire differed in the GC

content of their assigned D genes from the total naive

repertoire, Hence, the D1 and D2 regions better resem-

bled the GC content of D gene segments than N-addi-

tion regions.

Frequency of putative V(DD)J recombinants is greatly
reduced in peripheral blood memory B-cell subsets

The sequences obtained from each of the three cell sub-

sets were examined for the presence of junctions contain-

ing multiple diversity gene segments using a high

stringency filtering procedure. The frequency of V(DD)J

recombination in each of the three sorted B-cell subsets

is shown in Fig. 3(a). The mean V(DD)J recombinant

frequency in the naive population (0·12%) was more

than 10-fold higher than in the IgM memory population

(0·01%, P = 0·0095). Interestingly, the IgG memory pop-

ulation did not contain a single predicted V(DD)J

recombination event that passed our filtering procedure.

It was possible that our filtering procedure, which

allowed only a single mutation in the match region, pref-

erentially rejected prediction of V(DD)J recombinants

from the somatically mutated memory populations while

retaining V(DD)J recombinants in the mutation-free

naive population. We performed the analyses a second

time using a less stringent filtering protocol, in an effort

to correctly predict V(DD)J recombination even in the

somatically mutated memory subset. This ‘loose’ filter,

which allowed mismatches within the match region and

reduced the match length to 55% of the germline gene,

revealed a higher V(DD)J recombinant frequency in all

subsets compared with the more stringent filter, but still

showed a significant reduction in V(DD)J recombination

frequency in the IgM memory (0·08%, P = 0·0077) or

IgG memory (0·04%, P = 0·0048) subsets when compared

with the naive subset (0·23%). Memory subsets have a

reduced frequency of long heavy chain complementarity

determining region 3 (HCDR3) loops48 and the V(DD)J

population is dominated by long HCDR3-containing

antibodies (Fig. 3b), with the average HCDR3 length of

26·5 amino acids.

Germline diversity gene usage in putative V(DD)J
recombinants

The D gene usage in V(DD)J recombinants was compared

to D gene usage in the total naive cell repertoire to

identify if there was a preferential use of particular D

Table 1. Alignment of representative V(DD)J recombinants with associated germline diversity genes. Dashes indicate identity of the antibody

sequence with the germline gene segment; dots indicate nucleotides in the gene segment not present in the mature antibody.

Sequence 5 D
3 D

N1 D1-Region N2 D2-Region N3

4JD1JZ GAA GTATTACGATTTTTGGAGTGGTTAT...... GTTAAAGCAA .GTATAACTGGAACGAC GGATAG
D3-3 -------------------------TATACC
D1-20 G----------------

7EB1AC CGTCT ....ATATAGTGGCTACGATTA. TCAAACT GGGTATAGCAGTGGCTGGTAC
D5-12 GTGG------------------C
D6-19 ---------------------

2DGLUX CG GTATTACGATATTTTGACTGGT......... ACC CTAACTTGGG. TCCCC
D3-9 ----------------------TATTATACC
D7-27 ------G---A

4IJEB8 CTCCCT .AGTATAGCAGCTCGTCC GGTGTTCTCGGGG ......AGCAGCAGCTGGTAC TG
D6-6 G-----------------
D6-13 GGGTAT---------------
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genes in V(DD)J recombinants (Fig. 4). Interestingly, D

gene use at the 3′ D position in V(DD)J recombinants

was very similar to D gene usage in the total naive reper-

toire, showing only an increase in D7 gene family usage

(difference between means of 6·93 ± 2·58, P = 0·036) and
an approximately equivalent decrease in D2 gene family

usage (difference between means of �10·02 ± 2·40,
P = 0·0058). D gene use at the 5′ D position in V(DD)J

recombinants showed a significant increase in the D2

gene family (P = 0·0022) and a significant decrease in the

D1, D3 and D4 gene families (P < 0·0001, P = 0·0132
and P = 0·0414, respectively). The 5′ D position also

showed a strong trend toward increased D5 gene family

use (P = 0·06) and a notable absence of D7 family

members.

D gene order in V(DD)J recombinants matches the
order of those D genes in the genome

We analysed 5′ D and 3′ D pairings in the V(DD)J reper-

toire and discovered that every V(DD)J recombinant con-

tained D-D pairings in an orientation that matched the

orientation of the genomic locus (Fig. 5a). We also found

that V(DD)J recombination occurred across the spectrum

of D genes, using every D gene with the exceptions of

D4-11, D4-14 and D6-25. D4-11 (< 0·001%), D4-14

(0·895%) and D6-25 (0·60%) were the least frequently

observed D genes in the total repertoire (Fig. 5c), so the

lack of these D genes in the V(DD)J repertoire was prob-

ably a result of their rarity. As expected, the 5′ D position

contained a high proportion of D gene segments located

at the 5′ end of the genomic locus (Fig. 5b), with the fre-

quency of D gene presence in the 5′ D position decreas-

ing exponentially with distance from the 5′ end of the

genomic locus. A similar preference for upstream D genes

was not seen in when analysing the frequency of D gene

use in the entire repertoire (Fig. 5c). Only three of the 10

furthest downstream (3′) D genes were ever found in the
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of variance with Bonferroni’s correction. (b) Histogram of CDR3
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5′ D position of a V(DD)J recombinant. There was also a

weak trend toward increased usage of downstream D

genes in the 3′ D position of V(DD)J recombinants

(P = 0·2089).
We next determined whether or not there was a prefer-

ence for D-D recombination events between D genes

located close to each other in the genomic locus. For each

V(DD)J recombination, we determined a recombination

span, calculated by subtracting the position number of

the 5′ D gene from the position of the 3′ D gene. Recom-

bination between adjacent D genes resulted in a recombi-

nation span of 1, whereas recombination between the first

and last (27th) diversity genes resulted in a recombina-

tion span of 26. We observed a strong trend toward

decreased use of the most distant pairings (Fig. 5d;

P = 0·0568). Notably, although there was a global trend

toward decreased pairings of distant diversity genes, the

most frequently observed recombination span was 17, of

which there were several D-D combinations accounting

for over 10% of all V(DD)J recombinants.

Skewed germline gene usage in 5′ D and 3′ D
positions was probably the result of diversity gene
orientation in the genomic locus

Understanding that the frequency of diversity gene use in

the 5′ D position of V(DD)J recombinants depended on

location in the genomic locus (Fig. 5b), we investigated

whether or not orientation of the genomic locus was

likely to be the cause of the skewed diversity gene usage

seen in 5′ D and 3′ D positions of V(DD)J recombinants,

or whether other genetic or mechanistic factors were

the dominant force behind the skewed diversity gene

repertoire.

At the 5′ D position, the complete lack of D7 family

use was readily explained by the location of the only D7

family member, D7-27, at the 3′ end of the genomic

locus; in-order V(DD)J rearrangements with D7-27 in the

5′ D position are not possible. The increase in D2 family

use at the 5′ D position was also probably attributable to

genomic orientation. The most commonly used D2 gene

member in the naive repertoire, D2-2, accounted for over

half of D2 family use in the naive repertoire and is

located one position from the 5′ end of the genomic

locus. In addition, three of the four D2 family members,

accounting for over 80% of D2 family use in the naive

repertoire, were found in the 15 (of 27) most upstream

positions of the genomic locus. Much like the increase in

D2 family usage, the decrease in D1 family was probably

a result of the extreme downstream position of the most

commonly used D1 family member, D1-26, which

accounted for over 50% of D1 family usage in the naive

repertoire. Finally, the trend toward increased D5 family

frequency was possibly the result of the positioning of the

two most common D5 gene members, used in over 75%

of D5 family use in the naive repertoire, in the 5′ half of
the genomic locus.

The increase in D7 family usage in 3′ D positions was

likely to be attributable to the fact that D7-27, the only

D7 family member, is positioned at the furthest 3′ posi-
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Figure 4. Diversity gene use in putative V(DD)J recombinants differs from that in the total naive repertoire. (a) Diversity gene family use for the
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tion of the genomic locus, allowing for in-order V(DD)J

recombination with every other diversity gene. Alterna-

tively, the decreased use of D2 family use in 3′ D

positions was possibly explained by the fact that the most

commonly used D2 family member, D2-2, is positioned

such that only one possible V(DD)J recombination exists

with D2-2 in the 3′ D position.

Discussion

Previous estimates of V(DD)J frequency have varied

widely, partly because of differing criteria for identifica-

tion of putative V(DD)J recombinants.35–40 Several meth-

ods used previously involved low-stringency filters that

identified putative D genes using as few as four homolo-

gous nucleotides. When using such a short homology

region to identify D-D fusion events, it is likely that

many of the identified D-D fusions were false attribu-

tions. The presence of false positives in the identified V

(DD)J repertoire could dilute or counteract genetic trends

in the true V(DD)J population, so limiting false-positive

results was of critical importance. Our stringent

approach, designed to minimize false positives, probably

under-estimated, to some degree, the actual frequency of

circulating B cells that express antibodies encoded by

DNAs derived from V(DD)J recombination. Hence, the

V(DD)J frequency estimate produced in this study

describes the minimum expected frequency of such events

in the human peripheral blood repertoire.

We identified putative V(DD)J recombinants in the

naive B-cell subset at a frequency of approximately one in

800 circulating cells. We also observed that the frequency

of V(DD)J recombinants is markedly lower in memory

subsets than in the naive subset. It is not clear why the

memory subsets contain such a reduced fraction of

V(DD)J recombinations, however, previous data showing

reduced frequency of long HCDR3s in memory subsets48

suggest that this observation may be a more general trend
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at 5′ D and 3′ D positions. (a) All functional diversity genes are represented in the genomic orientation, with arcs connecting diversity genes

found paired in a V(DD)J recombinant. Black boxes indicate diversity genes found only in the 5′ D position, white boxes indicate diversity genes

found only in the 3′ D position, and grey boxes indicate diversity genes found in both positions. D4-11, D1-14 and D6-25, the only diversity

genes not found in any V(DD)J recombinants, are represented by black circles. The orientation of diversity genes in V(DD)J recombinants

matches the genomic orientation in every instance, so the leftmost member of any linked pair of diversity genes shown in this diagram was

always in the 5′ D position of the V(DD)J recombination. (b) The frequency of each diversity gene in either the 5′ D or 3′ D positions is shown
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including non-functional genes). Recombination between adjacent diversity genes results in a recombination span of 1.
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among B cells encoding antibodies with long HCDR3s

and not a phenomenon that is specific to V(DD)J rec-

ombinants. Alternatively, it is also possible that our strin-

gent filtering protocol, when applied to the somatically

mutated memory subsets, excluded many V(DD)J recom-

binations as the result of germline mismatches caused by

somatic hypermutation.

To further show that the sequences in putative

V(DD)J recombinants identified in this study were gen-

erated by true D-D fusion and not by alignment of

coincidental N-addition-mediated sequences, we closely

analysed the N-addition length, GC-content and orien-

tation of the 5′ and 3′ D gene segments in the identi-

fied V(DD)J recombinants and determined that it was

highly unlikely that N-addition mimicry was the pri-

mary cause of these putative V(DD)J recombinants. If

N-addition mimicry were to produce such sequences

frequently, this process would require prolonged

stretches of N-addition by TdT that are not GC-rich,

which contradicts the extensively studied characteristics

of the enzyme. Further, this mechanism would require

that TdT must, in sequence regions both preceding and

following the diversity gene mimic region, revert to

production of characteristic GC-rich regions. Finally,

TdT would somehow have to position the uncharacter-

istic stretches of non-GC-rich N-addition within the

larger N-addition region such that the flanking GC-rich

sequences match the length of typical GC-rich N-addi-

tion regions. The frequent occurrence of such a process

seems highly unlikely.

Interestingly, we did not see any clonally related

sequences in our sample of V(DD)J recombinants. To be

considered clonally related, we required use of the same

V, D1, D2 and J genes, and the same HCDR3 length. The

absence of clonally related sequences in our sample was

likely to be the result of the extremely low frequency of

V(DD)J recombinants in either of the memory subsets,

which results in very few clonal families available for

identification. The vast majority of our V(DD)J sequence

pool consisted of naive sequences, which further reduced

the odds of finding clonally related sequences.

Analysis of diversity gene use in V(DD)J recombi-

nants revealed two surprising observations. First, every

diversity gene, with the sole exception of D4-11, was

found in at least one V(DD)J recombination. While

differences in the RSSs that flank diversity genes may

affect the frequency of D-D fusion between certain

diversity genes, our data indicate that the vast majority

of RSSs that flank diversity genes are amenable to D-D

fusion. Second, diversity gene use at the downstream

(3′ D) position was very similar to diversity gene use

in normal V(D)J recombinations, whereas diversity gene

use at the upstream (5′ D) position was significantly

different from normal V(D)J recombinations. Also, the

5′ D bias appears to be explained primarily by position

of the germline gene segments in the genomic locus.

Taken together, these observations suggest that 3′ D to

JH recombination occurs normally in V(DD)J recombi-

nants and that 5′ D gene usage is skewed primarily by

the requirement that diversity genes in the 5′ D posi-

tion must be positioned upstream of the 3′ D gene

segment in the genomic locus.
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